Particles of ZnO coated with carbon (ZnOCC) were prepared and evaluated for their antibacterial activity. ZnO powder and poly (vinyl alcohol) (PVA) (polymerization degree: 2,000-95,000) were mixed at a mass ratio (ZnO/PVA) of 1, and then heated at 500-650°C for 3 h under argon gas with a flow rate of 50ml/min. Carbon deposited on the ZnOCC surfaCe was amorphous as revealed by X-ray diffraction studies. The ZnOCC particles maintained their shape in water, even under agitation. The antibacterial activity of ZnOCC powder against Staphylococcus aureus was evaluated quantitatively by measuring the change in the electrical conductivity of the growth medium caused by bacterial metabolism (conductimetric assay). The conductivity curves obtained were analyzed using the growth inhibition kinetic model proposed by Takahashi for calorimetric evaluation, allowing the estimation of the antibacterial efficacy and kinetic parameters of ZnOCC. In a previous study, when ZnO was immobilized on materials, such as activated carbon, the amount of ZnO immobilized was approximately 10-50%, and the antibacterial activity markedly decreased compared to that of the original ZnO. On the other hand, the ZnOCC particles prepared in this study contained approximately 95% ZnO and possessed antibacterial activity similar to that of pure ZnO. The carbon-coating treatment could maintain the antibacterial efficacy of the ZnO and may be useful in the development of multifunctional antimicrobial materials.
INTRODUCTION
The use of ceramics with inherent antimicrobial activity, such as calcium oxide and zinc oxide, has attracted recent interest (Akiyama et al., 1998 (Akiyama et al., , 1999 Bari et al., 1999 Bari et al., , 2002 Megha and Matthews, 2003; Sawai et al., 2001a Sawai et al., , 2001b Sawai et al., , 2003a Stoimenov et al., 2002 Stoimenov et al., , 2003 . Typical antimicrobial inorganic materials include activated carbon and ceramics immobilizing an antimicrobial metal such as silver and copper (Allen et al., 2001; Kourai, 1993; Wang et al., 1995) . Although metallic oxides such as Ca0 and ZnO also are immobilized, the antimicrobial activity of the materials is significantly less than that of pure Ca0 and ZnO. The ZnO exhibited stronger antibacterial activity against Gram-positive bacteria than against Gramnegative bacteria (Sawai et al., 1995 (Tamai et al., 2001; Yamamoto et al., 2000) .
Moreover, the antibacterial activity of ZnO decreased with an increase in heating temperature (Sawai et al., 1996a; Yamamoto et al., 1998) . shifted toward a longer detection period. No conductivity change was observed at concentrations greater than 3.2 mg/ml for 48 h 7-3 .2) In a previous study (Sawai, 2003b) , the conductivity curves for metallic oxides powders were analyzed using the growth inhibition kinetic model proposed by Takahashi (1990) for calorimetric evaluation, which could determine antibacterial efficacy and kinetic parameters. These parameters can provide useful information about antimicrobial agents, such as the dependence of the agent concentration on the antibacterial activity on, and the affinity between the agent and bacterial cells.
First, the antibacterial activity of ZnOCC was analyzed using the non-competitive inhibition model. For bacterial growth assumed to follow the MichaelisMenten reaction, a viable cell V takes up substrate S to form an intermediate VS, that produces a new viable cell and a metabolic byproduct P, as described by When where m is the apparent stoichiometric number of the antimicrobial agent necessary to inhibit the reproduction of new cells. The microbial growth kinetics proposed by Monod (1949) gives the following equation from the analysis of Eqs. (1) - (3):
where The decrease in the growth in the conductimetric assay is expressed as a time lag with respect to the conductivity curve of the control. As shown in Fig. 3 The constants a and b then can be determined by regression analysis to obtain the MIC values. The constant b shows the dependency of the agent concentration on the antimicrobial efficacy and corresponds to the dilution coefficient (Yanagida, 1980) . The values of b and the MIC for ZnOCC particles against S. aureus are summarized in Table 1 . The ZnOCC particles had antibacterial characteristics similar to those of the initial ZnO. A small increase in MIC values of the ZnOCC was observed with an increase in carbon coating temperature. This decrease in efficacy was dependent on the decrease in the antibacterial activity of ZnO itself with carbon coating temperature (Sawai et al., 1996a; Yamamoto et al., 1998) . ZnO had a markedly small value of Kd against S. aureus compared to CaO and Mg0 (Table 1) . The Kd value indicates the equilibrium state between VSn/m, VSn and /, and S. aureus established the nonviable state more readily with ZnO than with other kinds of powder (Sawai, 2003b) . Although the value of Kd increased by approximately two-fold compared to the initial ZnO, the high affinity toward S. aureus cells remained after carbon coating. The b values of the ZnOCC increased, indicating the dependency of the concentration on antimicrobial efficacy. The carbon coating treatment did not decrease the antibacterial activity of ZnO.
A ZnCl2 solution was used to investigate the effect aureus (Sawai, 2003b) . In a previous study (Sawai et al., 1996b) to 25 mg/ml (Yamamoto et al., 2000) and to greater than 30 mg/ml (Tamai et al., 2001 
